










 Abstract v 
 
simulations: the planar device, the device built on back- and both-side textured Si wafer, 
and the device with the textured LM foil. For each of these four designs, the current 
matching point is simulated to evaluate device efficiencies. The results reveal that the 
device built on a both-side textured silicon wafer, which is the best performing 
configuration, can reach 15% relative higher efficiency than planar device. The obtained 
results show the potential of LM foils for improving the device performance of perovskite 
solar cells and pave the way for further use of optical simulations in perovskite single 
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1.1 General introduction to the field 
In pursuit of a cleaner environment and limiting global warming, the renewable 
energy sources are becoming more and more important. Especially photovoltaics (PV) 
has a bright future due to inexhaustible and free solar energy. The Sun is by far the most 
abundant energy source, providing more energy in one hour than it is consumed by the 
mankind in a whole year. Compared to other energy sources, it is also the most evenly 
spread over the globe. This gives every nation a chance of a fuel-, cost- and pollution-
free energy generation; however, countries closer to equator naturally benefit more, e.g. 
Sicily receives solar irradiation of 1900 kWh m
-2
, Slovenia 1200 kWh m
-2
 and Germany 
1000 kWh m-2 [1]. 
The electricity from solar energy generation itself is emission free, and even with 
the inclusion of solar panel production, the carbon footprint is 20 times lower than from 
burning fossil fuels [2]. Optimization of the production processes has also decreased the 
energy payback time of the PV systems, reaching around 2 years in middle Europe for 
the conventional multi-crystalline silicon technology and even less for thin-film 
technologies. Accelerated entry of China on the PV market has caused a massive increase 
in solar module production, which has resulted in a drastic drop in prices and growth in 
cumulative installation of PV systems. In the last 10 years the installation growth has 
been exponential with over 70 GW installed last year, exceeding 300 GW overall. Even 
China, one of the most notorious polluters in the world, has recognized the need for a 
clean environment and is now a leader in PV production and deployment [3]. The 
potential and benefits of the PV make it one of the most prominent players in the 
renewable energy field and also in the energy sector in general. 
The basic unit for photovoltaic solar energy conversion is a solar cell based on a 
semiconductor material, where conversion of solar energy into electric energy is caused 
by a photovoltaic effect. Semiconductor material properties, mainly the energy bandgap, 
are the most important factors to determine the efficiency of conversion. For a single 
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junction device, the (Shockley-Queisser) limit is 33.7% at bandgap of 1.34 eV under 
standard test conditions (STC) [4], [5]. Using a variety of semiconductor materials, 
different types of solar cells with different conversion efficiencies exist. The conventional, 
first generation solar cells are mono- and multi-crystalline silicon solar cells, which reach 
the highest conversion efficiencies (26.3%, [6]) and have the highest, dominant share 
(> 86%) in the global market [3]. The second generation of solar cells are the so-called 
thin-film solar cells. Compared to a 150 μm thick silicon absorber in a conventional Si 
solar cell, the absorber is only a few microns thick. The main representatives of this class 
are CIGS, CdTe and amorphous silicon solar cells. The popularity of thin-film devices is 
based on anticipated lower costs due to small material consumption and low energy 
production processes, while still reaching high efficiencies (above 20% for a solar cell). 
Lately, solar cells with an even lower cost potential are being researched (third 
generation). Organic and dye-sensitized solar cells (DSSC) had both shown promise; 
however, recent discovery of perovskite solar cells has shaken the research community. 
In only a few years, the perovskite solar cell conversion efficiency rocketed to 22.1% [6]. 
Despite cheap manufacturing and high efficiencies, the perovskite solar cells still have a 
long way to go. The main deficiencies are a small area of the device, stability issues and 
lead toxicity. Nevertheless, the research on perovskite solar cells has only yet begun and 
its extensiveness gives hope for successfully overcoming the challenges for either an 
industrial production or becoming an affordable and suitable solution for niche 
applications. 
1.2 Topic of the thesis 
The recent drop in solar module prices, the progress in energy storage systems and 
the entry of new players, such as Tesla Solar [7], on the market has increased the 
popularity and interest in the PV. Still, further cost reductions in solar cell production 
are needed for PV to successfully rival conventional energy sources or become attractive 
for everyday powering applications. Thin-film solar cells [8] present such a low-cost 
alternative to conventional crystalline solar cells, since low temperature processes are 
used for fabrication, less semiconductor material is consumed and even flexible 
photovoltaic modules can be produced. However, in comparison to crystalline solar cells, 
thin-film solar cells are much thinner, which generally results in a lower absorption of 
light. As the conversion efficiency of a solar cell is strongly related to the level of light 
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absorption in the active layers, light management techniques need to be implemented to 
enhance absorption in thinner absorber layers [9].  
One of the most successful techniques to increase the absorption of light in thin-
film solar cells is surface texturing in nanometer feature size, either at the top or at the 
bottom of the device [10]. Nanotextured surfaces in the solar cell device result in anti-
reflection (AR) and a light scattering effect (features size equal or greater than 
wavelength [11]), which increases light in-coupling and prolongs the optical light path in 
the active layer, respectively. This increases the photocurrent of the device; as long as 
electrical properties (open-circuit voltage and fill factor) remain unchanged, the increase 
in photocurrent is directly transferred to an increase of conversion efficiency [12]. 
The AR coatings are usually flat and reduce the reflection (usually at the air/glass 
interface) by adjusting the refractive index changes at the interfaces and the of the layers. 
Depending on the number of the layers, they are optimized for a narrow (less layers) or 
broader region of wavelengths (multiple layer stack). Some of the technologies, such as 
crystalline silicon, also take anti-reflection properties of the native surface texture [13]. 
Alternatively, one can apply a textured light management (LM) foil on the front glass 
side in a superstrate cell configuration. As a result, in both cases the light in-coupling is 
increased, thereby increasing the absorption and photocurrent of the device. 
Inside the device, textured surfaces are introduced by transparent textured 
superstrates (glass carrier covered with surface textured transparent conductive oxide 
(TCO)) [10], [14], textured substrates (steel or plastics, covered with textured back 
reflector), or by additional layers integrated into the structure. In the last years, the 
technology of embossing a pre-fabricated nanotexture on a master in a transparent heat 
resistant lacquer layer has been shown as a promising way to introduce the desired 
texture in the solar cell structure [15]–[21]. 
A novel, low-cost and effective approach of embossing textures, either on a small- 
or large-area scale, is nanoimprint lithography (NIL) [15]. Patterns (textures) are created 
by mechanical deformation of polymers (lacquers) in a soft phase by imprinting the 
master texture into an imprint lacquer, followed by curing. Curing can be done either by 
heat (thermoplastic NIL) or by UV light (UV NIL). Combined with TCO deposition on 
top of the imprinted layer, this combination can replace an expensive TCO with a native 






2 UV Nanoimprint Lithography 
This chapter is devoted to fabrication of textured surfaces. For this purpose, we 
utilize UV Nanoimprint Lithography, a replication process where a texture is transferred 
from a master to a replica. There are multiple advantages of UV Nanoimprint 
Lithography. One textured master, created by complex and expensive processes, can be 
replicated multiple times, making texturization time- and cost- effective. The replicas are 
transparent, which enables us to introduce textures that can otherwise only be made on 
non-transparent substrates. The created replica can be used as a light management layer, 
either on top of the device or inside it. When put on top of the device, the replica should 
endure outdoor environmental conditions for longer periods of time without deterioration 
in performance. When the replica is used inside the device, the deposition of other layers 
on top of it will follow. This requires the texture to be preserved during the deposition 
process and the next layer to successfully adhere on the replica. In this chapter, all these 
topics are covered. We inspect transfer fidelity and optical parameters of the replicas. 
Outdoor testing, thermal stability testing and deposition of transparent conductive oxide 
are carried out to determine suitability of replicas for use in solar cell structures. 
2.1 Introduction 
Higher conversion efficiencies of solar cells can be achieved by material and process 
optimization and also by increasing light in-coupling using light management techniques. 
Under light management, we consider anti-reflection (AR) and light trapping (LT) 
effects, which can be achieved by planar AR coatings (ARC) and/or textured interfaces 
between different layers of solar cell stacks [12]. The planar ARCs are usually flat and 
reduce the reflection by optimal thickness and refractive index grading of the layers at 
the interfaces (usually air/glass interface). The textured interfaces can either be 
integrated inside a cell structure by texturing the front electrode, typically the 
transparent conductive oxide (TCO) [23], [24], or by applying light management (LM) 
foils on the front glass side in a superstrate cell configuration [25], [26]. Textured foils 
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have an advantage over the ARCs, especially in planar devices with flat interfaces, as 
they can both reduce the reflection as well as scatter (for nano-sized texture features) or 
refract (for micro-sized features) light, which prolongs the optical path and induces light 
trapping [27]. As a result, the photocurrent density is enhanced [12]. 
Textured surfaces in thin-film photovoltaics are commonly random. They are either 
formed by natural growth (e.g. by the growth of poly-crystalline layers such as LPCVD 
ZnO:B [28] resulting in pyramid-like features) or fabricated by etching the existing layers 
(such as magnetron sputtered ZnO:Al etched in HCl [29], resulting in crater-like features 
or a silicon wafer with <100> orientation etched in KOH, resulting in randomly 
distributed pyramids [30]–[32]). The simulations, however, showed that sometimes 
periodical 1D or 2D features (sinusoids, pyramids, inverted pyramids, nanorods) trap 
light more efficiently [33]. To create such textures, complex and/or expensive processes 
are needed, e.g. photolithography with etching, Focused Ion Beam (FIB), Electron Beam 
Lithography (EBL), Reactive Ion Etching (RIE) [34]. The typical substrates for textures 
are silicon and nickel, which are not transparent. The usage of such textures is 
consequently limited, especially as an ARC on top of the cell. Therefore, in the last years 
the technology of embossing a pre-fabricated nanotexture on a master in a transparent 
lacquer layer has become a promising way to introduce a desired texture in the solar cell 
structure [15]. This way we can integrate such a texture in the solar cell that is (can only 
be) made on nontransparent substrates. 
An effective novel approach of embossing textures, either on a small or a large 
scale, is the nanoimprint lithography (NIL) process [35]. It is a low-cost and high-
resolution technique of replicating textures. The replicated textures are created by 
mechanical deformation of polymers (lacquers) in a soft phase by imprinting a master 
texture into an imprint lacquer. The replica of the master is made with the help of an 
intermediate step, where a negative replica/stamp is made first. Each stamp can be used 
several times to create replicas, making reproducibility one of the key factors in the 
process. Two main techniques to create a stamp are thermoplastic NIL (imprint is carried 
out under heat) and UV NIL (imprint under ultra-violet (UV) light), while the creation 
of (positive) replicas is usually carried out under the UV light. The thermoplastic NIL 
uses PDMS, a silicon-based organic polymer [36], as a stamp, while the UV NIL uses UV 
sensitive lacquers for both stamp and replica [17], [37]. In the dissertation, the focus is 
on UV NIL, where the curing of both stamp and replica lacquers is done using a UV light 
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2.2 Experimental 
2.2.1 Sample fabrication 
The UV NIL replication process is carried out in air in the following steps (as 
schematically shown in Figure 2.1): 
i. A textured sample is used as a master for the replication. 
ii. A stamp lacquer, deposited on a substrate (lacquer 1/substrate 1), is 
imprinted on the textured master. 
iii. Viscous lacquer adjusts to the structure of the master and is cured under 
UV illumination. Lacquer 1/substrate 1 become a stamp. 
iv. After the separation of the stamp (negative replica) from the master, the 
stamp can be used as a (quasi)master and is imprinted in the lacquer 2 
deposited on a substrate 2. 
v. UV illumination cures the second lacquer. 
vi. Once separated from the stamp, the acquired (positive) replica is ready for 
use in photovoltaic devices. 
 
Figure 2.1: UV NIL replication process with depicted steps. Viscous lacquer is imprinted (ii) in 
a textured master (i) and cured with UV light (iii). After the separation a stamp is obtained. 
To create a replica (vi), the procedure is repeated (iv, v) with the stamp taking the place of a 
master. 
Hostaphan PET film and glass slide (Corning Eagle glass, 1 mm thick) were used 
as substrates for the stamp and the replica, respectively. Commercially available lacquers 







Figure 2.2: (a) AFM analyzer GUI and (b) Line inspector panels showing the analysis of a replica 
of an etched ZnO:Al master. 
Gwyddion to simplify and speed up the basic AFM analysis with predefined built-in 
analysis functions. The AFM analyzer enables simple selection of measurements, 
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diagonal lines through the center (0,0) are extracted. The correlation length of each line 
is considered as a distance between the maximum m and m*e-1. When all four are 
obtained, they are averaged to get the average correlation length. Similarly, the period 
is the distance from the m to the first peak. 
To calculate average angle, first gradients in x and y direction are calculated using: 
v=(dx/dz, dy/dz). The angle in a point (x,y) is φ=atan(|v(x,y)|). If all φ are averaged, 





Figure 2.3: AFM analyzer analysis of an etched ZnO:Al master: (a) Window 1 showing raw AFM 
scan, height distribution (left column), gradient in x direction, angle distribution (middle 
column), autocorrelation, correlation lines – horizontal, vertical and both diagonals (right 
column). (b) Window 2 showing 2D FFT modulus, horizontal and vertical FFT amplitude lines 
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2.3 Optical parameters of the UV NIL lacquer 
Optical parameters, such as transmittance T, reflectance R and refractive index n 
and k spectra, have to be known when integrating a replica into a device structure. The 
optical losses caused by the replica should be minimal. When used as a front textured 
layer, as is in our cases, it should transmit as much light as possible and reflect as little. 
Figure 2.4 (a) shows typical R and T spectra for a replica (lacquer MO-18) with flat 
surface. More than 91% of light is transmitted and less than 9% reflected, meaning there 
is no absorption for the wavelengths above 400 nm. Below 400 nm, however, there is 
strong absorption of UV light. This is expected since UV light is needed to cure the 
lacquers and must therefore be absorbed. Using measured R and T, n and k spectra, 
needed to conduct optical simulations, can be calculated using R&T method [42]. The 
thickness of the UV NIL lacquer was in the range of 85 - 95 μm. Obtained n and k spectra 
are shown in Figure 2.4 (b). n and k spectra of the ZnO:Al, found in the literature [43], 
are also shown in the figure. n of the cured replica (lacquer 2) is 1.55 which is close to 
the n of the glass. The imaginary part k = 0 above 400 nm, confirming there is no 
parasitic absorption in the UV NIL lacquer for wavelengths λ > 400 nm. Note that due 
to the measurement system artefact at 860 nm, there is a slight error in the 
measurements. To eliminate this error when calculating the n and k spectra the data 





Figure 2.4: (a) typical total and diffuse R and T spectra for a replica with a flat 
surface. (b) n and k spectra extracted from R and T spectra for the lacquer MO-18 (solid 
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temperature difference. Long exposure to UV light or temperature also made samples 









Figure 2.10: Photos of the outdoor investigated samples (a) in a testing environment at an 
outdoor PV module monitoring site, (b) with a thermal camera on a sunny day, (c) on a plate 
with different testing positions denoted just before the test and (d) samples after 42 days of 
outdoor testing. 
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replicas. Additionally, the diffuse spectra are lower compared to the reference samples in 













Figure 2.11: (a) and (b) Transmittance on different days (0, 1, 19, 50 and 91) and (c) and (d) 
transmittances of the samples for wavelengths 400 and 700 nm. (a) and (c) show transmittance 
of the flat samples, (b) and (d) show transmittances of the textured samples. (e) Transmittance 
of all the textured samples on day 50. (f) Transmittance for the sample 5 on different days. 

30 Chapter 2  
 
(a) Sample 1 
 
(b) Sample 4 
 
(c) Sample 1 d 
 
(d) Sample 4 d 
 
(e) Sample 2 
 
(f) Sample 5 
 
Figure 2.12: AFM scans of the samples outdoor after 2 months. (a), (c) and (e) are flat samples, 
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reported that halide perovskites exhibit semiconductor properties [61]. However, first 
successful device followed only in 2009 after Miyasaka et al. used a CH3NH3PbI3 as an 
inorganic sensitizer in dye-sensitized solar cells and showed a 3.8% efficiency [62]. A real 
boom in research started in 2012 when liquid electrolyte was replaced by a solid hole 
transport material which not only improved stability but also increased the efficiency to 
9.7% [63] and 10.9% [64]. CH3NH3PbI3, methylammonium lead iodide, is now a typical 
representative of the perovskite absorbers in perovskite solar cells.  
To form a perovskite crystal structure (ABX3), a geometric tolerance factor 
t=(ra+rx)/(√2(rb+rx)) has to satisfy a condition 0.813 < t < 1.107 [65], where ra, rb and 
rx are effective ionic radii for A, B and X ions. For organic-inorganic halide perovskites 






) or even caesium (Cs
+
). Cation B is most commonly lead (Pb
2+
), however, 
tin (Sn2+) can also be used. X is a halide ion, either iodide (I-), bromine (Br-) or chlorine 
(Cl-) or their combinations (e.g. I3-xBrx). Different A, B and X combinations are possible, 
resulting in different optoelectronic properties [66]. 
Perovskites are excellent absorbers of the visible light. The direct bandgap of 
CH3NH3PbI3 at 1.55 eV corresponds to a sharp absorption onset at around 800 nm [67] 
and can be tuned by incorporating bromide or chloride ions (e.g. Ch3NH3PbI3-xBrx) [68], 
[69], as shown in Figure 3.1 (b). The higher the bromide content, the higher is the 
bandgap. A high absorption coefficient also enables relatively thin layers, in the range 





Figure 3.1: (a) Perovskite ABX3 crystal structure and (b) absorption and bandgap tuning of 
Ch3NH3Pb(I1-xBrx)3 by incorporation of the bromide ions, data taken from [68].  
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Besides having good optical properties, perovskite is also an excellent electrical 
conductor as it has a relatively high carrier mobility for both electrons and holes. Electron 






 [70], while for the holes they range between 






 [71]. Long recombination times in the range of hundreds of 
nanoseconds also result in long diffusion lengths in the range of 100 to above 1000 nm 
[72]–[74], allowing enough time to extract the photogenerated charges before they 
recombine. 
Thanks to the excellent optical and electrical properties, and extensive knowledge 
of organic and dye-sensitized solar cells, the solar cells based on perovskite absorbers 
have attracted a lot of interest of the scientific community in recent years [75]–[77]. 
Extensive research resulted in a remarkable jump in conversion efficiency from 3.8% in 
2009 [62] to 22.1% in 2016 [6], [78], which is the fastest increase in efficiency in the history 
of photovoltaics. Beside single-junction solar cells, bandgap tuning and processing steps 
at low temperatures (such as spin-coating) make perovskites an interesting partner also 
for tandem solar cells with either silicon [79]–[82], CIGS solar cells [83], or other low-
bandgap solar cells, even perovskite [84], [85]. 
3.1.2 Single junction perovskite solar cells 
First perovskite solar cells originated from dye-sensitized solar cells (DSSC) which 
needed a (TiO2) scaffold to increase the interface area between the dye absorber and 
electron transport material (ETM) [86]. Compared to DSSC, the perovskite solar cells 
work even if perovskite fully infiltrates the scaffold and not only covers it as an overlayer 
[77]. Such a structure with a scaffold is called a mesoporous structure and is to this day 
still the most efficient perovskite structure. However, once high mobility and long 
diffusion length were discovered, planar devices (without a scaffold) have also become 
very popular [87]–[89]. Both structures are shown in Figure 3.2; the left side of each 
schematic shows a mesoporous structure, and the right side a planar structure. 
Typically, perovskite solar cells are built on a glass substrate; however, flexible 
substrates are also possible [90], [91]. The front electrode is a TCO, most commonly ITO 
(SnO2:In) or FTO (SnO2:F). The back electrode is usually either gold (Au) or silver (Ag); 
however, aluminum and copper are also possible. In-between the electrodes, the 
perovskite absorber is sandwiched between the electron transport material (ETM) and 
the hole transport material (HTM); some of the most common ETMs and HTMs are  







Figure 3.2: Schematics of (a) n-i-p and (b) p-i-n perovskite solar cell structures. The left side of 
each schematic shows a mesoporous structure, and the right side a planar structure. (c) Energy 
diagram for a p-i-n perovskite solar cell structure. 
listed in Table 3.1. The function of the ETM is to let the electrons generated in the 
perovskite pass through towards the electrode while at the same time blocking the holes. 
The function of HTM is to let the holes from the perovskite absorber pass through 
towards the other electrode while at the same time blocking the electrons. The basic 
operation principle with charge separation and energy diagram is shown in Figure 3.2 (c). 
We distinguish between two configurations:  
 n-i-p (regular) configuration:  
glass/TCO/ETM/perovskite/HTM/back contact (Figure 3.2 (a)) 
 p-i-n (inverted) configuration:  
glass/TCO/HTM/perovskite/ETM/back contact (Figure 3.2 (b)) 
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section 2.2.1). Consequently, the fabrication of high efficiency perovskite solar cells 
should be cheap (complex and energy consuming deposition devices are not needed) and 
therefore interesting for photovoltaic applications. However, to reach commercial 
production of the perovskite solar cells, some questions have to be answered. The 
fabricated devices are very small (commonly in the range of 0.1 cm
2
, with the largest 
devices reaching around 1 cm
2
 [96]–[98]) while modules are only rarely researched [99]–
[101]. Additionally, lead toxicity [102] and stability of the perovskite absorber [103] also 
present an obstacle in perovskite solar cell use. The main causes of degradation are 
ultraviolet exposure (mostly connected to the TiO2 ETM in regular structure) and 
humidity [104]–[106]. Degradation can be seen visually as the perovskite color changes, 
e.g. it turns yellow due to decomposing into PbI2 and CH3NH3I. This can happen within 
days or even minutes. However, due to recent developments, a stabile conversion 
efficiency of over 20% for over 500 hours was achieved [78], as well as 6-month stability 
[107] under appropriate polymer coating that down-converts the UV light into visible 
light. Additional hydrophobic layer on the back side of the device was also applied. This 
shows that perovskite solar cells are constantly improving and that there is potential for 
perovskite solar cells in the global market. 
As seen earlier, there is a large variety of options for the fabrication of perovskite 
solar cells. Mesoporous and planar structures, p-i-n and n-i-p configurations and different 
deposition processes have all been extensively researched. Plenty attention has also been 
put on ETMs [92] and HTMs [93], and different A, B and X combinations that can form 
a perovskite crystal structure [69], [108]–[112]. Perovskite material properties, such as 
detrimental hysteresis [113], [114] and crystal formation, are significant for the device 
operation. Little hysteresis and pinhole-free (fully covering the surface) crystalline 
perovskite films with large grains in the order of micrometers and a reduced defect density 
are beneficial for the solar cell performance. 
Creating an efficient perovskite absorber with large crystals from spin-coated 
solutions, however, does not only depend on the materials and the deposition process but 
also on kinetics and dynamics of the perovskite crystal formation (conversion) [115], 
[116]. Different additives or dopants have been tried in order to improve crystal growth, 
wetting properties and uniformity/homogeneity of the created layers. Amongst others, 
there are additives such as hypophosphorous acid (HPA, H3PO2) [117]–[119], doping has 
been shown via metal ions (Al+) [120], and complexing agents such as DMSO or 
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thiourea [121] have been reported. One can also use a treatment with anti-solvents [94] 
to affect the dynamics of the conversion into the final perovskite film.  
The first part of this chapter covers experimental work. We describe solar cell 
fabrication and characterization and show performance results of the fabricated devices. 
We start by analyzing the effect of the HPA additive on the perovskite morphology and 
electrical performance [119]. For the analysis, an inverted perovskite device design as 
shown in Figure 3.4 is utilized. We use the basic methylammonium lead iodide 
composition with organic charge selective layers formed by PTAA as HTM and PCBM 
as ETM. SEM measurements are used to determine the morphology of the devices, and 
current density-voltage (J-V) and external quantum efficiency (EQE) measurements are 
carried out to determine electrical characteristics and performance. 
We analyze the effects of light management in two types of inverted (p-i-n) 
perovskite solar cells, one with PTAA and one with PEDOT:PSS as HTM. Utilizing light 
management (LM) foils is an effective way to reduce optical losses. Using replication 
techniques, such as UV NIL, an additional transparent layer with an arbitrary texture 
on top of the planar tandem cell can be created that enables light scattering and/or AR. 
Such textured LM foil, created by UV NIL, is studied as an addition to the front glass 
side of the devices to reduce the reflection losses and enhance light trapping and 
consequently increase the short-circuit current density. The short-circuit current density 
(JSC) is used as a measure to determine the improvement of solar cell performance. 
The second half of the chapter is dedicated to optical modelling. 3D optical 
simulations based on experimentally obtained parameters show good agreement between 
the experimental results and the simulations, which validates our optical model and 
explains experimental results of the fabricated devices. This opens possibilities for the 
use of optical simulations in the field of perovskite solar cells. Here, the optical 
simulations are used to determine losses, predict improvements for different textures and 
potential light management improvements for large area devices (solar modules) that can 
be realized with perovskite solar cells with the front surface LM foil.  
A manuscript describing the experimental analysis and the optical modelling of 
perovskite single junction solar cells with LM foil was submitted to the journal ACS 
Photonics, under the title “Efficient Light Management by Textured Nanoimprinted 
Layers for Perovskite Solar Cells”. 
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3.1.3 Perovskite/silicon-heterojunction tandem solar cells 
The perovskite/silicon-heterojunction (SHJ) tandem solar cell is an interesting 
candidate to exceed the Shockley-Queisser limit [4], [122], [5] for single junction solar 
cells due to the high conversion efficiency of both solar cells [123], [124] and their 
complementary bandgaps. By tuning the bandgap of the perovskite [69] we can even 
reach the optimum ratio of 1.73 eV to 1.12 eV [125], [126]. The optical simulations have 
indeed shown the potential in both the monolithic 2-terminal and the 4-terminal 
configuration [125], [127] followed by the experimental attempts that also show promising 
results [79]–[82]. Compared to the 4-terminal devices which have two separate solar cells 
stacked one above the other, the monolithic 2-terminal devices have 2 subcells connected 
in series and processed sequentially. Series connection results in a higher voltage of the 
full device since the voltages of the two subcells are summed. However, to reach the 
optimum efficiency, the current of the subcells has to match. 
Currently, most of the experimental monolithic tandem devices have a planar 
configuration and are therefore partially limited by photocurrent generation. Further 
gains in photocurrents can be achieved by introducing structures for light scattering and 
anti-reflection (AR) [80]. However, commonly used random pyramid texturization of 
silicon wafers is not yet suitable for the deposition of thin perovskite layers when 
implementing deposition techniques such as spin coating that gives the highest efficiency 
to date. An alternative way to reduce optical losses on planar wafers is again to utilize a 
light management (LM) foil on top of the planar tandem cell that enables light scattering 
and/or AR. 
Since the fabrication of the tandem devices is complex and expensive, optical 
simulations are needed to predict and optimize the device performance before its 
fabrication. This is especially important for the monolithic tandem devices where the 
currents of the subcells have to match for optimum performance. Despite not taking into 
account electrical properties of the individual materials and their interfaces, optical 
simulations provide a good indication of the amount of current generated in each of the 
subcells and unavoidable optical losses. 
This is why in the optical modelling part of the chapter, we also focus on the optical 
optimization of the planar monolithic perovskite/SHJ tandem solar cell by means of 
optical simulations. We consider three different device designs to optimize light 
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will be shown. Results of perovskite solar cells with PEDOT:PSS as HTM will also be 
presented. 
3.3.1 Hypophosphorous acid as an additive for inverted perovskite 
solar cells 
To establish the effect of the HPA on the device performance, we carried out SEM, 
J-V and EQE measurements of the devices with no HPA and with 0.2% HPA additive. 
The top view SEM images of perovskite without and with HPA on PTAA layer are 
presented in Figure 3.7 (a) and (b) for the selected device without and with HPA, 
respectively. The difference in morphology is clear. No HPA results in small flake-like 
structures, while adding even such a small amount of HPA as is 0.2% results in grains, 
with sizes up to a few 100 nm. This is in very good agreement with recent findings by 
Snaith et al. [117]. Both films exhibit good coverage and no pinholes.  
Figure 3.7 (c) and (d) show J-V characteristics of the devices without and with 
HPA. Each substrate contains 6 devices and we show the results for all 6 devices in order 
to present the (in)homogeneity, each depicted with a different color. Solid lines stand for 
forward scanning direction (from negative to positive voltages) and dashed for reverse 
(from positive to negative voltage). Both types of the devices, without and with HPA, 
have good uniformity between different devices on the same substrate, with 5 out of 6 
devices per substrate working very similarly and only one not working, caused by 
shunting. Interestingly, compared to the SEM measurements, the J-V characteristics 
show no such difference in electrical performance due to HPA additive. The devices 
without HPA have slightly more pronounced hysteresis and slightly higher spread of 
open circuit voltage (VOC), however, the devices exhibit comparable short-circuit density 
JSC, high VOC and fill factor (FF) (see Table 3.2). The maximum power point (MPP) 
tracking over 60 seconds reveals a stabilized power conversion efficiency (PCE) of 15.8% 
for the sample without HPA and 16.1% for the sample with HPA (Figure 3.7 (e) and 
(f)). Both values experience a severe drop within first second and then relatively quickly 
stabilize at the end value. 
Since the JSC of the devices in the J-V measurements can easily be wrongly 
measured due to the solar spectrum and light source as well as device under test and 
reference cell spectral mismatch and difference in actual and defined active area, we 
measure the EQE spectra, that enables to determine the JSC in addition to detect spectral 














Figure 3.7: Top view SEM images of a perovskite on a PTAA layer, J-V measurement and MPP 
tracking of the devices a), c) and e) without and b), d) and f) with HPA. 
changes induced by the HPA additive. The measurement results of the two best 
performing devices are presented in Figure 3.8. 
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Figure 3.8: EQE spectra of the two best performing devices without (black solid line) and with 
HPA (blue dashed line). 
Both EQE spectra exhibit similar shape, however, the sample without HPA reaches 
slightly higher absolute values which fits with the JSC from J-V measurements. Finally, 
we calculate the conversion efficiency of the two best devices from both types, for forward 
and reverse scanning direction. We determine the short-circuit current density by solar-
spectrum wavelength integration of the EQE spectra (JSC_EQE) while VOC and FF are 
obtained from J-V characteristics. The conversion efficiency is then calculated by the 
multiplication of the above mentioned parameters. All the performance parameters are 
shown in Table 3.2. 
Table 3.2: Performance parameters of the best devices with PTAA as HTM under test – for the 
forward and reverse scanning direction. JSC_EQE was obtained from the EQE measurement and 
VOC and FF from the J-V measurement. PCE was than calculated from the obtained results. 




















Forward 21.2 20.9 1.10 74.6 17.5 
15.8 
17.2 
Reverse 21.1 20.9 1.09 69.5 16.1 15.8 
0.2 % 
HPA 
Forward 20.9 20.5 1.10 72.0 16.5 
16.1 
16.2 
Reverse 20.8 20.5 1.10 70.5 16.0 15.9 
 
The JSC from J-V measurements (JSC_JV) to the JSC_EQE deduced from the EQE is 
in the range of 2%, relatively which is in very good agreement. Similar is also the 
difference in JSC between the devices without and with HPA additive. In our case, the 
HPA did not affect the VOC, however, there is a difference in the FF. Due to the hysteresis 
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the difference between forward and reverse scanning direction is higher for the samples 
without HPA. The obtained PCEs of all the cases are above 15%, with the highest for 
forward scan for the sample without HPA (17.2%). As the grains are in general better 
for the device performance and stability, the addition of the HPA [87] should be 
beneficial. However, despite clear improvement in the perovskite film morphology, we 
find only minor differences in the electrical properties of our devices without and with 
HPA. 
3.3.2 Results with the light management foil 
To further improve the device performance, we apply an LM foil on top of the 
fabricated inverted perovskite solar cells with the HPA additive and PTAA as HTM. A 
similar analysis is also carried out for the perovskite solar cells with PEDOT:PSS as 
HTM. With the LM foil, the reflection should be reduced and more in-coupled light 
should result in increased absorption in the perovskite absorber. The LM foil was created 
by UV NIL process with randomly distributed pyramids, obtained from the silicon wafer, 
as a texture (see section 3.2.1.3). 
3.3.2.1 Perovskite solar cells with PTAA as a hole transport material 
The J-V measurements of the PTAA based fabricated devices are presented in 
Figure 3.9 (a). The black lines represent results of a device without the LM foil and the 
blue lines for a device with the LM foil. To highlight the absence of pronounced hysteresis 
in our inverted devices, which agrees well with other inverted device structures [130]–
[132], we performed J-V measurements using different scan directions, i.e. from JSC to 
VOC (forward scan, full lines) and from VOC to JSC (reverse scan, dashed lines), both 
obtained at a scan rate of 0.25 V s-1. The biggest change between the devices is in JSC. 
The J-V measurements reveal an increase in JSC from 20.7 mA cm
-2 to 21.7 mA cm-2, 
which is a 4.8% relative improvement for the device with the LM foil. The high open-
circuit voltage (VOC) remained the same (1.11 V), while change in FF is negligible (70.9% 
to 71.2%). Overall, the PCE increases from 16.3% to 17.1%, which is a 5% relative 
improvement for the LM foil device over the flat device. A stabilized PCE of 16.1% for 
the device without the LM foil was obtained using MPP tracking under operational 
conditions (Figure 3.7 (f)). This fits with the PCEs obtained in the reverse and forward 
scans. Table 3.3 lists the performance parameters of the device without and with the LM 
foil.  






Figure 3.9: (a) J-V measurement for the solar cell with PTAA as HTM and HPA additive 
without (black lines) and with the LM foil (blue lines). The solid lines are forward scanning 
direction (JSC to VOC) and the dashed lines correspond to reverse scans (VOC to JSC). (b) EQE 
(solid lines) and R (dashed lines) spectra for a device without the LM foil (black) and with the 
LM foil (blue). 
Figure 3.9 (b) shows the measured EQE (solid lines) and the total reflection spectra 
(dashed lines). The black lines represent the device without the LM foil and the blue 
lines with the LM foil. Two main regions of change can be identified in the spectra: The 
first region of differences is found in the wavelength range between 300 and 380 nm. 
Here, the EQE is lower when using the LM foil due to the absorption of UV light in the 
UV NIL layer. However, the relative share of the AM1.5G spectrum in this range is small 
and accounts for a current loss of only 0.08 mA cm-2. The second region of differences is 
between 450 nm and 650 nm, in which the EQE increases (compare also Figure 3.15 (a)). 
This can be attributed to the reduced reflection of the incident light and improved light 
trapping as a consequence of the LM foil, as proven by reduction in total reflection in 
Figure 3.9 (b). 
The LM foil reduces the total reflection (R) significantly across the whole 
wavelength range. R of the cell stack with the LM foil over the high EQE plateau between 
400 and 700 nm is on average more than 50% lower. The positions of the peaks and 
valleys in the R and EQE spectra match well for both cases, without and with the LM 
foil. However, only at the wavelengths where the reduction in R is the highest are then 
translated to the EQE increase in Figure 3.9 (b). In the visible light range 
(400 – 700 nm), the EQE and R curves added together amount to more than 94%, 
indicating small optical parasitic losses in the hole and electron transporting materials 
and the contact layers, and good extraction of the charge carriers. The sum of the EQE 
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area larger than the active solar cell area (J-V measurement) is more realistic to real 
module application due to the balance of light scattered into and outside the active area.  
 
3.3.2.2 Perovskite solar cells with PEDOT:PSS as a hole transport material 
The J-V and EQE measurements of the perovskite solar cells with PEDOT:PSS as 
HTM are shown in Figure 3.10 and are presented in the same way as in the previous 
section. Again, the biggest change between the cells without and with the LM foil is in 
JSC, the J-V measurements reveal the increase in JSC from 16.3 mA cm
-2 to 17.7 mA cm-
2 with the LM foil, which is an 8.6% relative improvement. The VOC of our devices is 
limited due to the wetting properties and imperfect band alignment at the 
PEDOT:PSS/CH3NH3PbI3 boundary [116], [132], [134]. Its value slightly increases from 
0.72 to 0.74 V, while FF drops from 0.68 to 0.66. Combined all together, the efficiency 
increases from 8.0% to 8.6%, which is a 7.9% relative improvement with the LM foil over 
the flat device. The performance parameters of the devices without and with the LM foil 





Figure 3.10: (a) J-V measurement of the solar cell without (black lines) and with the LM foil 
(blue lines). The solid lines are forward scanning direction and the dashed reverse. (b) EQE 
(solid lines) and R (dashed lines) spectra. The black lines stand for the solar cell without the 
LM foil (flat) and blue lines for the solar cell with the LM foil. 
The introduction of the LM foil reduces the reflection significantly across in the 
whole wavelength range. The increase in the EQE is again lower than the reduction in 
the R due to the escaped light. However, compared to the PTAA device, the EQE 
increase is higher here. This is most likely due to a thinner perovskite absorber benefiting 
more from the LM foil (see Figure 3.17 for the thickness analysis of the PTAA devices). 
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By solar-spectrum weighted wavelength integration of the EQE results, increase in 
JSC_EQE up to 4.6% is calculated (Table 3.4). The values are lower compared to those 
obtained by the J-V measurement. As mentioned before, this is attributed to the small 
device area and different illumination areas in EQE and J-V measurements. Equivalent 
reflection current loss (REQ), obtained by solar-spectrum weighted wavelength 
integration of the reflectance spectrum, shows that with the LM foil 43% less current is 
lost due to reflection.  
Table 3.4: Performance parameters, integrated JSC_EQE from the EQE and equivalent JSC loss 
from the reflection measurements Req of the fabricated solar cells before and after UV NIL 



















w/o LM foil    for 16.1 
15.1 8.79 
0.72 66.9 7.74 
                    rev 16.3 0.72 68.3 8.02 
w/ LM foil     for 17.5 
15.8 4.98 
0.74 65.1 8.46 
                    rev 17.7 0.74 66.0 8.65 
Rel. change  +8.6% +4.6% -43% +2.8% -2.9% +7.9% 
3.3.3 Conclusions 
We analyzed the effect of the hypophosphorous acid (HPA) additive on the 
morphology and electrical performance of the perovskite solar cells following previous 
reports. We adopted a spin-coating process to fabricate devices with inverted device 
architecture. For improving the film crystallization, a 0.2% concentration of HPA was 
added to the perovskite solution before spin-coating. The fabricated solar cell exhibit 
high efficiencies above 15% for both cases, without and with HPA. Morphology 
measurements showed that adding HPA results in bigger grains in perovskite layer which 
is in agreement with the literature. However, the electrical performance was largely 
unaffected with lower hysteresis being the only observed improvement due to HPA. 
We have also presented and analyzed a light management option for perovskite 
solar cells. A light management (LM) foil was fabricated by UV Nanoimprint 
Lithography process and attached on top of the device using index matching liquid. 
Inverted perovskite solar cells (p-i-n) with an efficiency of 16.3% and negligible hysteresis 
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and the simulation compares better to the experiment. Comparing the simulated 
integrated absorption spectra JSC_SIM, the increase is from 20.5 mA cm
-2 for the flat 
device to 21.1 mA cm
-2
 for the confined device with the LM foil, which is similar to the 
measured values.  
The comparison between experiment and simulation was also done for the analyzed 
solar cell devices with PEDOT:PSS as an HTM. The results are presented in Figure 3.13. 
The thicknesses for the model were extracted from the SEM cross-section image and are 
as following: 140 nm for ITO, 50 nm for PEDOT:PSS, 200 nm for perovskite absorber, 
60 nm for PCBM, 5 nm for BCP and 100 nm for Ag. Again, there is a good match 
between experiments and simulations. The absolute values for the EQE and A spectra 
do not match as well as for the PTAA solar cells, which indicates worse photogenerated 
carrier extraction. However, both spectra have similar shapes, also the match between 





Figure 3.13: Comparison of the EQE (solid) and R (dashed) between experiment (black) and 
simulations (blue) for a PEDOT:PSS based device (a) without and (b) with the LM foil. In the 
case with the LM foil, we distinguish in simulations between confined device (blue) and 
unconfined device (red). 
Finally, we apply our optical model also on a monolithic planar perovskite/SHJ 
tandem solar cell, presented by Albrecht et al. [128]. The perovskite solar cell, on top of 
a typical SHJ solar cell, has an inverted structure. MoO3 was evaporated on top of the 
spiro-OMeTAD HTM to protect it from the ITO sputtering process. The device 
schematic is shown in Figure 3.20 (a), where also all the layer thicknesses are stated. The 
thicknesses of spiro-OMeTAD and perovskite layer, however, were extracted from the 
SEM image and are 300 and 500 nm, respectively. The comparison between the 
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highest increase in the EQE was measured. Additionally, compared to the confined case, 
there is an increase in the absorption for the longer wavelengths that is typical for other 
solar cell types. In the unconfined case, the longer wavelengths have more passes through 
the active layer and are thus more likely to be absorbed while for the 
confined/experimental case a high amount of long wavelength light leaves the active area 
before being absorbed. The R spectra for the unconfined and confined case are very 
similar, the A is, however, lower for the confined device over the whole spectrum. This 
confirms our conclusion from the EQE study that in small devices a high amount of light 





Figure 3.15: (a) Spectral loss analysis for the (unconfined) device without and with the LM foil 
and an absorber thickness of 270 nm. Integrated values are shown in Table 3.5. (b) Comparison 
of the optical losses for the confined and unconfined PTAA based device. The escaped light is 
almost the same to the difference between absorption in the perovskite for the confined and 
unconfined device. 
Figure 3.15 (a) displays the absorption spectra of the individual layers for the 
(unconfined) device without and with the LM foil. Most of the incident light is absorbed 
in the perovskite absorber while the main parasitic loss can be attributed to the total 
reflection and absorption of the layers located above the perovskite in the UV and blue 
spectrum. The LM foil reduces the reflection over the whole analyzed spectrum. Similarly 
to the experimental results presented above, the simulated equivalent reflection current 
density loss RSIM is reduced by almost 50%. Most of the gained in-coupled light 
contributes to the useful current density in the absorbing perovskite layer, with an 
increase in the simulated photocurrent density of 11.2%. The additional absorption due 
to the LM foil in the other layers is negligible. The solar-spectrum weighted wavelength 
integrated absorptances of all the layers are shown in Table 3.5. Figure 3.15 (b) compares 
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perovskite absorber and not exiting the cell (in the glass substrate). This is also confirmed 
by optical simulations, which also reveal that for the unconfined device the performance 
is the same as for the device with a thicker glass substrate. To fully harvest the 
improvements of the LM foil, a device with around 10 times bigger area is needed for the 
same beam spot (Figure 3.16 (b)). 
Table 3.6: Experimental and simulated JSC values for the PTAA based device with a thinner 










w/o LMF 18.6 20.5 20.5 
w/ LMF 19.2 21.5 22.8 
Change +3.2% +4.9% +11.2% 
 
3.4.3.2 Devices with different thicknesses of perovskite absorber 
Second, the JSC_SIM enhancement due to the LM foil was also determined for devices 
with different perovskite absorber thicknesses. These devices might benefit less or not at 
all since the effect of the prolonged optical path of the oblique light beams after refraction 
at the front surface might be negligible due to the thicker absorber. Figure 3.17 shows 
JSC_SIM (solid lines) and RSIM (dashed lines) for perovskite layer thicknesses between 
50 nm and 1000 nm without (black) and with the LM foil (blue). The red line shows the 
relative enhancement and the vertical dashed line the case for the perovskite absorber 
thickness of 270 nm investigated above. The JSC_SIM increases only slowly for perovskite 
thicknesses above 700 nm in both cases, without and with the LM foil. A small 
interference effect is observable, which diminishes with increasing thickness of the 
perovskite absorber. The JSC_SIM increases with the LM foil for all thicknesses of the 
absorbing layer. Thus, even devices that have a very thick perovskite absorber layers 
generating a very high photocurrent density should benefit using the LM foil. For 
example, a device with a 1 μm thick perovskite absorber still shows a 1.7 mA cm-2 (7.8% 
relative) increase with the LM foil. This is the case because the reduction in reflection 
and light trapping in the layers above the perovskite absorber remain regardless of the 
absorber thickness. The usage of the LM foil is therefore also beneficial for thicker devices.  
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stands for the case with the LM foil while index 2 for the case without). For the VOC 
enhancement we then get: 
 ∆𝑉𝑂𝐶 = 𝑉𝑂𝐶1 − 𝑉𝑂𝐶2

















2𝑛2 ∗ 2 ∗ 100𝑛2
𝑛2 ∗ 100𝑛2
= 𝑘𝑇 ln 4 = 36 𝑚𝑉 
(3.2) 
This indicates another benefit of the LM foil – besides increasing the JSC, the VOC 
can also be enhanced by using thinner active layers to enhance the charge carrier density. 
3.4.3.4 Different textures of the light management foil 
(a) 
p = 9 μm, hpp = 6.4 μm 
 
(b) 
p = 9 μm, hpp = 6.4 μm 
 
(c) 
p = 9 μm, hpp = 5.5 μm 
 
(d) 
p = 9 μm, hpp = 5.5 μm 
 
Figure 3.18: Considered 4 different textures of the LM foil: (a) regular pyramid, (b) cornercube, 
(c) convex parabolic O texture and (d) concave parabolic U texture. Period p and height hpp of 
the textures are also stated. 
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Finally, we simulate the expected improvements for various possible textures of 
the LM foil for the perpendicular incidence of light. Besides randomly distributed 
pyramids, periodically distributed regular pyramids, cornercubes and parabolic micro-
lens textures were investigated. Such textures can be fabricated experimentally and have 
also been investigated using optical simulations [136], [140], [141]. Textures for our 
simulations were created artificially, their images as exported from CROWM are shown 
in Figure 3.18. To ensure relevant comparison, the textures were scaled to the same 
period of 9 μm. Three different thicknesses of the perovskite absorber were considered: 





Figure 3.19: (a) JSC_SIM and (b) RSIM for the PTAA perovskite solar cells for different textures 
and different perovskite absorber thicknesses. 
The simulation results of the JSC_SIM and RSIM are presented in Figure 3.19. As 
expected, all the textures proved to be beneficial for the device performance compared 
to the flat reference without an LM foil. It is also noticeable that the increase in JSC_SIM 
is smaller for thicker absorbers. The best performing texture for perpendicular incident 
of light by far is cornercube, while the worst are regular pyramids. There is not much 
difference between parabolic textures and random pyramids. Here, it is also clearly seen 
that the reduction in R is directly transferred to the increase in JSC.  
3.4.4 Optical analysis of tandem perovskite/silicon-heterojunction 
solar cells  
After analyzing the perovskite single-junction devices, we turn our attention to 
tandem devices that can theoretically overcome the efficiencies of the single junction 
solar cells. For the purpose of this study, we base our optical simulations on the 
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and different textured LM foils, and compared to Albrecht et al. [125] we considered 







Figure 3.20: Schematic illustration of the investigated tandem perovskite/SHJ devices, built on 
(a) planar, (b) back-sided and (c) both-sided textured Si wafer.  
3.4.4.1 Results and discussion 
The results of the optical simulations for the three cases depicted in Figure 3.20 
are presented in Table 3.7. The textured devices indeed have reduced reflection, namely 
for 2.5 mA cm
-2
 and almost 6.8 mA cm
-2
 with the back-side and both-side textured Si 
wafer, respectively. The so-gained light is then absorbed in the absorbing layers with the 
extracted JSC_SIM increased from 16.2 mA cm
-2 for the planar device to 16.9 mA cm-2 and 
18.7 mA cm-2 for the back-side and both-side textured Si wafer, respectively. Note that 
the current gained due to reduced reflection is then equally spread between both subcells. 
Since the SHJ bottom cell is kept as a constant and the amount of light absorbed within 
is increased, the perovskite absorber must be thicker to absorb more light for the current 
matching point to be reached (see Table 3.7). We can also estimate the efficiency we 
could reach by assuming the experimentally achievable parameters [128] open-circuit 
voltage (VOC) to be 1.80 V (1.10 V for perovskite and 0.70 V for SHJ solar cell) and a 
fill factor (FF) of 0.80. For the cases presented here, the highest efficiency would be 
26.9%. This means a 15.2% relative increase over the planar device performance. Further 
improvements can be obtained by optimizing thicknesses of all the layers (not only 
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Table 3.7: JSC_SIM and RSIM in a current matching point for the three device designs from Figure 
3.20 and estimated efficiency based on experimentally achievable parameters of the VOC and FF. 













FF PCE  
(%) 
Change 
Planar 250 nm 9.53 16.2 
1.80 0.80 
23.4 0 
Back-textured 280 nm 7.00 16.9 24.4 4.3% 
Double textured 320 nm 2.77 18.7 26.9 15.2% 
 
Figure 3.21 (b) shows the reflection (1-R) and the absorption for the three studied 
cases. Compared to the planar device, for the back-side texture the reflection is mostly 
reduced in the long-wavelength region, where we also get the highest increase in the 
current in the c-Si due to light trapping. However, it has little effect on the device 
performance in the visible light region as only wavelengths above 1000 nm can reach the 
back side of the device. Therefore, one would expect that for the wavelengths below 1000 
nm the absorption/reflection spectra would be the same for the back-side textured Si 
wafer and the planar device. However, to reach the current matching point, we had to 
increase the thickness of the perovskite absorber layer for the back-side texture, which 
resulted in different interferences and therefore different absorption spectra. The best 
performing device out of the three is the both-side textured wafer. The additional texture 
on the front side is very effective at anti-reflection. The reflection is decreased in the 
whole wavelength range, especially for the wavelengths below 900 nm where there is 
almost no reflection at all. Consequently, the absorption is also increased for all 
wavelengths. In the range between 600 and 800 nm, the increased absorption in 
perovskite means less absorption in c-Si. However, there is a significant reduction of the 
reflection and increase in absorption in c-Si due to light trapping for the longer 
wavelengths where we make up for that loss. Even more, the gain is such that we again 
have to compensate for it with almost 30% thicker perovskite layer compared to the 
planar device. 
Figure 3.21 (b) presents the absorption spectra of the individual layers for the 
textured Si wafer while Figure 3.21 (c) the losses in the form of the equivalent short-
circuit current density. The main loss, besides reflection, presents the HTM spiro-
OMeTAD with considerable absorption in the whole wavelength range and strong 
absorption peaks at 380, 480 nm and in the long-wavelength range. To gain better 
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efficiency one has to replace spiro-OMeTAD with a less absorbing (and also cheaper) 
HTM or change the device design to regular structure. Minor losses are also in the front 
ITO, MoO3 protection layer (for ITO deposition) and in the back contact if we used 
textured surfaces. This happens due to increased transmission of the longer wavelengths 







Figure 3.21: (a) Reflection and perovskite and c-Si absorption spectra for all three device designs 
(flat device, back-side and both-side textured Si wafer). (b) Absorption of the individual layers 
for the textured Si wafer device. (c) Loss comparison between the three device designs. 
3.4.4.2 Different textures of the light management foil 
Similarly to the single-junction analysis, we also consider the LM foil for the planar 
tandem device. We simulate the expected improvements for the textures shown in Figure 
3.6 (b) and Figure 3.18 and described in 3.4.3.4. For the purpose of this simulations, we 
keep the planar device structure and add the LM foil with different textures instead of 
the LiF AR coating as shown in Figure 3.22. The results in a current matching point are 
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Additionally, simulations revealed that optimized light management can be used to 
reduce the thickness of the active layer to reduce the amount of absorber material and 
enhance the photogenerated density, resulting in an expected 36 mV enhancement of the 
VOC at an identical photocurrent. This study demonstrates the beneficial role of the LM 
foil in reducing reflection and increasing absorption in perovskite absorber, making the 
LM foil a promising solution for improving the performance of perovskite based solar 
cell. 
We also performed optical simulations of the perovskite/silicon-heterojunction 
tandem solar cells. Three different device designs were tested: planar device and devices 
with back-side and both-side textured Si wafer, to optimize light management. LM foils 
with different textures on top of the planar device were also considered. All the designs 
improve the performance compared to the planar device structure. The best performing 
is a design with both-side textured Si wafer which increases the short-circuit current 
density by 2.5 mA cm-2. Such increase is caused by reduced reflection in the whole 
wavelength range and prolonged optical path in the near infrared (NIR) region. Assuming 
VOC =1.80 V and FF = 0.80 a 26.9% efficiency can be obtained. Further improvements 
can be achieved by using perovskite with the optimal bandgap and optimizing the 
thicknesses of all layers This way, we anticipate the conversion efficiency to exceed 30%. 
3.5 Summary 
In this chapter, perovskite solar cells were presented. In the first part, we 
introduced perovskite material properties, single junction and tandem solar cells. In the 
second part, the fabrication and the characterization of the perovskite single junction 
devices were presented. The effect of the HPA additive in the perovskite solution was 
investigated. The addition of the HPA improved the surface morphology of the 
perovskite, however, only a small effect on the device performance was observed, mostly 
in FF. Both devices, without and with the HPA, reached efficiencies above 15%. The 
performance of the devices was then further improved by applying the light management 
foil, which reduced the reflection and consequently increased the absorption. Similar 
promising results were obtained for two device designs, one with PTAA and one with 
PEDOT:PSS as a hole transport material. 
In the third part, optical simulations were used to confirm experimental findings. 
The optical model was first validated by a good match between simulations and 
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experiments, and then applied on single junction and tandem devices. Optical losses were 
investigated and different textures of the LM foil were considered. The results confirmed 
that by using textures, the planar devices are drastically improved. The single junction 
device with the LM foil can have up to 10% relative higher performance while the tandem 
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reflected light were also reported [159], [160]. They, however, have been developed for 
the applications (road surface reflectivity and modelling for computer graphics, 
respectively), and samples that are very different to the application and samples 
discussed here. Additionally, light scattering systems were also built to analyze reflection 
under illumination with a linear light source [161] and to inspect surface roughness or 
defects [162]–[164]. 
The camera-based ARS systems are compact, inexpensive and enable quantification 
of light scattering over a broad angular range at one camera shot per wavelength. This 
makes them a powerful tool for the characterization of a versatile set of different samples 
or as an inspection tool in the high throughput industrial production. Randomly, 
periodically and quasi-periodically textured transparent samples or light sources, such as 
LEDs, can be characterized accurately and in a very short time (seconds). 
In this chapter, we focus on the development and the application of ARS systems 
based on a digital CCD camera to determine 3D ADF of transmitted and reflected light. 
Two different systems are presented. The first one includes a lens to broaden the polar 
angle range and a reflective screen in order to gain in the signal. The second one is built 
with a transmissive screen and can be used to measure transmitted or reflected light but 
only in a part of a hemisphere. The mathematics behind both systems are presented. 
Projection screens are characterized. The systems are validated with diffraction gratings 
and randomly textured TCO samples.  
4.2 Reflective screen 
Camera-based ARS systems capture the scattered light, projected on the screen. 
Most of the studies used transmissive screen where scattered light that is transmitted 
through the screen is captured. We, however, introduce a new solution of the 3D 
measuring system for the measurements of scattered light based on highly reflective 
screen. Capturing the light reflected from the screen, results in lower screen losses due 
to no absorption in the screen and no refraction or scattering inside the screen. Thus, we 
can avoid optical losses in the diffusive transmission screens by employing inexpensive 
highly reflective and highly diffusive reflection screens, e.g. white paper. Moreover, in 
this approach it is also easier to avoid the direct specular beam entering the camera and 
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𝐼′(𝜃𝑖, 𝜑𝑖) = ∑ 𝐼𝑝𝑖𝑥𝑒𝑙
∆Ω𝑖











4.3.2.3 Screen characteristics 
It is of a key importance to use highly transmissive and diffusive screens in order 
to assure sufficiently large signal in the case of the samples with low scattering level. 
Diffusive nature of the screen enables that each of the illuminated points on the screen 
directs a portion of light towards the camera. From the transformation point of view, 
the ideal light scattering distribution of the screen - the ADF of the screen, ADFscreen – 
would be uniform, i.e. equal intensity in all scattering angles and independent on the 
incident angle of the illumination ray. As this is not the case, the ADFscreen has to be 
known or determined in advance.  
Two isotropic diffusive screens were used: a) Opal Diffusing Glass (25x30 cm2) [172] 
and b) PLEXIGLAS® (21x30 cm2) [173]. RTA measurements in a broad wavelength 
range were conducted for both screens, the results are presented in Figure 4.10 (a) and 
(b). Both screens have around 30% transmission at = 633 nm (later used in 
measurements), such transmission is sufficient for camera-based measurements. At longer 
wavelengths, the PLEXIGLAS
®
 has higher transmission, making it more suitable for 
NIR measurements. Optical losses of transmissive screens are presented by reflected light 
and internal absorption losses in Figure 4.10 (a) and (b). Low reflection is desired as the 
reflected light can reach the sample and distort the measurements. This, and the size of 
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Figure 4.11. (a) Number of summed pixels per summation area (i, i) and (b) screen weight 
function (i, i) for PLEXIGLAS
®
. 
4.3.2.5 Haze determination 
Moreover, besides the determination of the ADF we also tested whether our system 
can be applied to determine the haze parameter based on the ADF measurements. This 
requires the measurement of the specular component of the light which presents a 
challenge and also affects the accuracy of the haze determination procedure [153]. In this 
section we will show how to calculate it for the case of transmitted light, the same 
procedure can be followed for the reflected light (substitution T with R, slight sample 
rotation is needed so that the specular beam can be caught on the screen instead of 
passing back through the hole). Our approach to the measurements of the specular 












where ITdif and ITtot are diffuse and total light scattering intensities. When used in 
a ratio we can describe haze with diffuse and total (Tdif and Ttot) transmittance, where 
Ttot consists of diffuse and specular (Tspec) part. This means measurements with the 
camera must be in our system performed without a blocking pin on screen to capture the 
specular part. However, camera saturation must be avoided (see section 4.3.3.2). The 
values for Tdif and Ttot are in general obtained by integrating the diffuse and specular 
light over the hemisphere [153]: 







Figure 4.12. SEM/AFM images of (a) textured TCO - magnetron sputtered ZnO:Al, etched in 
HCl for 30 seconds and (b) for periodic hexagonal hole array with a period of 1500 nm and depth 
of 550 nm on silicon substrate. Main planes of the sample are drawn for further reference (a = 
750 nm and b = 1299 nm). 
4.3.3.1 3D angular distribution function 
For the measurements presented below, the distance between the sample and the 
screen was set to 11.4 cm in specular direction (direction of the laser beam) to avoid 
strong reflection relation between the screen and the sample. The distance between the 
screen and the camera was 35.7 cm so that all polar angles could be captured with our 
camera. HeNe gas laser with a = 633 nm and P = 10 mW was used in the 
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The haze results obtained from camera-based measurements were compared with 
measurements done with spectrophotometer Lambda 950 and are shown in Figure 4.15. 
The haze scans with Lambda 950 were done in a broad wavelength range, while the 
camera-based haze determination was carried out at the selected wavelength  = 633 
nm. 3 camera-based haze measurements were done for each sample, allowing us to also 
plot the error bar. The comparison shows moderate matching, with the highest 
discrepancies for the third sample (red color). The system is primarily built for the 
determination of light scattering – diffuse part, ADF – for which it shows good accuracy. 
The main error in haze determination, however, is caused by the specular part. This 
could be due to the laser instability combined with extremely short camera integration 
times (0.5 – 1 ms). Even small errors can escalate when they are normalized by a couple 
of decades different factors. Still, the results are good enough for the haze estimation. As 
mentioned above, they could be improved by using a camera with higher resolution. 
4.3.4 Conclusion 
The described camera-based ARS system using a transmittive screen enables fast 
and accurate measurements of light scattering properties of textured surfaces and light 
emitting devices with a single shot in a 3D space in broad angular range in a few seconds. 
We presented the solution which can be used for measurements of reflected or transmitted 
scattered or emitted light. The tilted screen position allows us to measure full polar range 
at the cost of the limited azimuthal range. However, with appropriate (automatic) 
rotation of the sample scattered light in full sphere can be obtained. Additionally, the 
system was also applied to the determination of haze parameter at the wavelength of the 
laser light. 
Measurements of two types of scattering samples were presented. Randomly 
textured ZnO:Al was used to show, how to acquire full sphere 3D ADF by rotating the 
sample. Characterization of periodically textured silicon substrate was used to 
demonstrate the advantage of using spatial (camera-based) systems instead of 
conventional goniometric systems. With one measurement we were able to detect all the 
modes of the periodic sample in the angular range of the measurement. Goniometric 
system, together with simulations, was used for validation of the newly developed system. 
Comparison with other methods showed good matching. 
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4.4 Summary 
In this chapter, we presented 2 camera-based light scattering measurement systems. 
Compared to the conventional goniometric systems, the described camera-based ARS 
systems enable fast and sufficiently accurate measurements of light scattering properties 
of textured surfaces and light emitting devices with a single shot in a 3D space in broad 
angular range within a few seconds. Both systems were described along with all the 
transformations needed to extract the 3D ADF. 
The first system is based on a reflective screen and uses a lens to broaden the range 
of the measurement. The system was tested on three TCO samples and a reference light 
source. All the necessary transformations were explained and sensitivity analysis was also 
carried out. The results show good matching with the results obtained with the 
conventional ARS system. The range of the presented system can be extended by using 
a camera lens with a wider angle of view. The resolution of the system can also be simply 
improved by using a CCD camera with a higher resolution. 
The second system is based on a transmissive screen and can be used for 
measurements of reflected or transmitted scattered or emitted light. The tilted screen 
position allows us to measure the full polar range at the cost of the limited azimuthal 
range. However, with the appropriate (automatic) rotation of the sample, scattered light 
in a full sphere can be obtained. Additionally, the system was also applied to the 
determination of the haze parameter at the wavelength of the laser light. Measurements 
of two types of scattering samples were presented. Randomly textured ZnO:Al was used 
to show how to acquire a full sphere 3D ADF by rotating the sample. The 
characterization of a periodically textured silicon substrate was used to demonstrate the 
advantage of using spatial (camera-based) systems instead of conventional goniometric 
systems. With one measurement we were able to detect all the modes of the periodic 
sample in the angular range of the measurement. The goniometric system, together with 
simulations, was used for validating the newly developed system. The comparison with 
other methods showed good matching. 
The developed camera-based ARS systems are powerful tools for the 
characterization of a versatile set of different samples or illuminating devices, or as 
inspection tools inthe high throughput industrial production. Randomly, periodically and 
quasi-periodically textured samples or light sources, such as LEDs, can be characterized 
accurately and in a very short time (seconds). The 3D ADF of the scattered light or the 
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luminous intensity distribution of light sources can be easily determined with only one 
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Using UV NIL, an LM foil with a random pyramid texture was created in attempt 
to further improve device performance and also test the suitability of UV NIL replicas 
as LM foils on top of the front glass side. Promising results were obtained for two planar 
device designs, one with PTAA and one with PEDOT:PSS as HTM. In both cases the 
reflection was drastically reduced. However, the absorption increase in the active layer 
was lower than expected. This was attributed to refracted light escaping the device before 
reaching the active layer.  
To confirm the light escaping assumption, in the third part of the chapter we 
studied fabricated devices using optical simulations. The optical model and the input 
parameters were first validated by a good match between the simulations and the 
experiments. The results indeed confirmed that small area devices, like our fabricated 
ones, suffer from light escaping when the LM foil is applied. Detailed simulations revealed 
that a relative boost in photocurrent of ca. 10% relative is feasible for large area devices. 
The results confirmed that by using textures, the planar devices can be drastically 
improved. Optical simulations were also used to study perovskite/silicon-heterojunction 
tandem devices. Different configurations were tested. Derived from the planar device, 
devices built on a back-side and both-side textured Si wafer were analyzed. The latter 
can achieve a 15% relative higher efficiency. Applied on the planar device, the LM foil 
with different textures was also simulated, showing positive results. Both the experiments 
and the simulations showed an improved device performance when using a LM foil with 
any texture. Therefore, we recommend using textured LM foils in perovskite solar cell 
devices. 
 
Textured surfaces can be characterized by different characterization techniques. 
Since the main role of the texture is to reduce the reflection and prolong the optical path 
in the active layer, light scattering and its angular distribution are some of the most 
important and telling properties of the texture. The conventional way of determining the 
angular distribution function (ADF) of the scattered light is the goniometric 
measurement which is very time-consuming and measures the ADF in one plane only. 
To counter these two problems, we focused on the development of a camera-based system. 
In the camera-based system, the scattered light is projected on the screen and then 
captured with a digital camera. In the fourth chapter, we present two solutions, one 
based on a reflective screen and one on a transmissive. The system with a reflective 
screen uses a lens to widen the angular range of the measurement. In the system with a 
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junction and tandem devices, with and without textures. Especially for the tandem 
devices there is still a lot of optimization to be done and optical simulations can be an 
indispensable tool when designing a device structure or analyzing its performance.  
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5.3.2 Conference proceedings 
Results of the dissertation were presented at international conferences: 
 European Photovoltaic Solar Energy Conference 
o 2015: 3D camera-based system for measurements of scattered or 
emitted light [178] 
 European Materials Research Society Meeting  
o 2016: Back- and front-side texturing for light-management in 
perovskite / silicon-heterojunction tandem solar cells [57] 
 International Conference on Microelectronics, Devices and Materials 
o 2013: Camera-based measurement of light scattering intensity 
distribution [179] 
o 2014: UV nanoimprint lithography for replication of textured surfaces 
in thin-film photovoltaics [180] 
o 2015: Nanoimprinted textures on glass as a substrate for GITO 
deposition [181] 
o 2016: Hypophosphorous acid as an additive for inverted perovskite 
solar cells [182] 
  
 Conclusion 123 
 
5.4 Original scientific contributions 
The summarized original scientific contributions of the dissertation are: 
 AFM analyzer with key roughness parameters of micro- and nanotextures, 
 Improved light management in perovskite solar cells using light management 
foil based on validated optical models and simulations, 
 Camera-based system for measurements of light-scattering in transmission using 
lens and reflective screen including transformation model with calibration 
procedure for wide angles , 
 Camera-based system for combined measurements of light scattering in 
transmission and reflection using transmissive screen including transformation 




















Total and diffuse transmittance graphs from outdoor testing 
Figure A 1 shows total and diffuse transmittance spectra of all the samples that 
underwent the outdoor testing and were presented in section 2.7 on outdoor testing. 
Comparison between different samples measured on days 0, 1, 19, 50 and 91, is shown. 
Left column shows results of the flat samples and right one is for the textured samples. 
The summary of the results, extracted points for the wavelengths of 400 and 700 nm, is 
























Figure A 1: Total and diffuse transmittance spectra for all the samples that underwent the 
outdoor testing. Left column shows flat and right column textured samples. Spectra measured 
on days 0, 1, 19, 50 and 91 is shown. 
 
 Appendix 141 
 
Figure A 2 shows total and diffuse transmittance spectra of all the samples, 
measured on different days. Comparison between measurements on days 0, 1, 19, 50 and 
91 for each of the samples is shown. Left column shows results of the flat samples and 




















Figure A 2: Diffuse and total transmittance spectra for each replica. Comparison between days 




PTAA based perovskite solar cells 
Here we show performance parameters of additional PTAA based solar cells 
without and with LM foil. All the results show very similar trend as the selected device 
presented in section 3.3.2.1. 
Table B 1: Performance parameters, integrated JSC_EQE from the EQE and equivalent JSC loss 
from the reflection measurements Req of the fabricated solar cells without and with the LM foil. 
Relative changes are also shown. 













w/o LM foil    for 20.9 
20.6 6.70 
1.11 70.2 16.2 
                    rev 20.7 1.10 69.1 15.8 
2 
w/ LM foil     for 21.8 
20.7 4.45 
1.10 70.5 17.0 
                    rev 21.7 1.10 68.8 16.4 
3 
w/o LM foil    for 20.7 
20.5 6.63 
1.11 70.9 16.3 
                    rev 20.5 1.11 70.2 16.0 
4 
w/ LM foil     for 21.7 
20.7 4.37 
1.11 71.2 17.1 
                    rev 21.6 1.11 70.3 16.8 
5 
w/o LM foil    for 20.7 
20.5 6.81 
1.10 69.9 16.0 
                    rev 20.6 1.10 69.2 15.7 
6 
w/ LM foil     for 21.7 
20.5 4.25 
1.10 70.4 16.8 
                    rev 21.6 1.10 69.4 16.4 
 
  








Figure B 1: (a) J-V, (b) EQE and (c) R measurements of the additional PTAA based perovskite 
solar cells without (black-ish lines) and with LM foil (blue-ish lines). 
  
 Appendix 145 
 
PEDOT:PSS based perovsite solar cells 
Here we show performance parameters of additional PEDOT:PSS based solar cells 
with LM foil. All the results show very similar trend as the selected device presented in 
section 3.3.2.2. 
Table B 2: Performance parameters, integrated JSC_EQE from the EQE and equivalent JSC loss 
from the reflection measurements Req of the fabricated solar cells before and after UV NIL 
deposition. Relative change is also shown. 



















w/o LM foil    for 16.1 
15.1 8.79 
0.72 66.9 7.74 
                    rev 16.3 0.72 68.3 8.02 
2 
w/ LM foil     for 17.5 
15.8 4.98 
0.74 65.2 8.46 
                    rev 17.7 0.74 66.0 8.65 
3 
w/o LM foil    for 15.7 
15.0 8.63 
0.73 68.4 7.78 
                    rev 15.9 0.72 69.2 7.98 
4 
w/ LM foil     for 17.1 
15.2 5.69 
0.75 64.8 8.55 
                    rev 17.9 0.75 65.5 8.72 
5 
w/o LM foil    for 15.9 
15.0 9.25 
0.71 69.4 7.79 
                    rev 16.1 0.70 70.2 7.97 
6 
w/ LM foil     for 17.3 
15.3 5.99 
0.71 60.5 7.47 
                    rev 17.4 0.71 61.2 7.61 
 
  








Figure B 2: (a) J-V, (b) EQE and (c) R measurements of the additional PEDOT:PSS based 
perovskite solar cells without (black-ish lines) and with LM foil (blue-ish lines). 
 

